Abstract This paper considers the complexity in resolving the conflicts between mine drainage, water supply, and environmental protection for the coal basin of North China, and presents a management optimization framework that addresses these multiple conflicting issues simultaneously in the most cost effective manner. Due to the various unpredictable accidents which may occur in the coal mining process, such as water bursts, gas leaks, fire and collapse of coal beds, the beneficial use of drainage water from the coal mines is generally low. This case study attempts to address the problem of low beneficial usage for drainage water using the Jiaozuo coal mining district in Henan Province, China. By combining a finite-element groundwater simulation model with an optimization code, the economic benefits of using the drainage water as a stable water supply is maximized, while the adverse impact of mine drainage on the environment is controlled. The results indicate that the management model developed in this study achieves an excellent economic outcome and can serve as a potentially powerful tool for solving miningrelated water management problems in the coal basin of North China.
INTRODUCTION
Coal mining in the Permo-Carboniferous system is the major economic activity in the coal basin of North China. The multiple thin-bedded limestone aquifers are interbedded within the coal layers.
Their thickness is approximately 9 to 20 m. The coal layers are often connected hydraulically with a deep limestone aquifer located beneath the coal layers in a Middle-Ordovician system and/or with porous aquifers located above the coal layers in a Quaternary system (Liu & Lin, 1979) . The geological formations create a hydraulically interconnected, multi-aquifer system with a varying degree of vertical connection (Wu et al., 1991) . The depth of the limestone aquifer is approximately 200 to 600 m below the land surface. To mine the coal safely, high groundwater heads in the thin-bedded aquifers (which are nearest to the coal layers) must be lowered using powerful draining or pumping equipment (Wang, 1979) . Draining operations will result in great decreases in groundwater heads both above and below the neighbouring aquifers. Unfortunately, the groundwater level decrease can cause numerous problems for water supply plants, which often rely on both the deep limestone and shallow porous aquifers as major groundwater resources (Gao & Lin, 1985) .
Owing to the unstable drainage flows and risk of contamination from chemicals entering the flow system during drainage processes under the coal mines, the water supply plant managers, who demand stable and high-quality water resources, are reluctant to use the drainage water as a viable source of water. Therefore, large quantities of the drainage water pumped to the surface from the mine pits, at great cost, are wasted. As a result, the water supply demand requires further groundwater extraction elsewhere, which, in turn, causes other serious environmental problems. These problems include karstic collapses of the ground surface, groundwater contamination in deep aquifers, and land subsidence. Clearly, comprehensive management is necessary for the groundwater withdrawal for the mining drainage requirement and the water supply need from the aquifer system. The management challenge is to find an optimal approach to effectively control mine drainage, provide an adequate supply of water, and protect the environmental quality of the coal mining areas (Li, 1990) . Developing a solution to meet this challenge is the aim of this study.
During the 1970s and 1980s, many studies were conducted in the USA to predict the effect of draining water from coal mines (Brutsaert et al., 1976; Peng, 1978; Price et al., 1973; Hill & Price, 1983; Booth, 1986) . Since then, however, study of this issue has decreased significantly (Indrarabna & Ramanda, 1994; Mayo et al., 2000) , probably due to the shift in energy sources from coal to petroleum. Since the 1980s, on the other hand, predicting and remediating groundwater contamination has become an active research area, and many studies have been conducted to determine the optimal design of groundwater monitoring or remediation systems (Loaiciga, 1989; Wu et al., 2005) . Numerous management models have been proposed (Willis, 1985; Moeshed & Kaluarachchi, 1998; Zheng & Wang, 1999; Mayer et al., 2002) . However, most of these studies have focused on groundwater contamination caused by leakages from the ground surface or from surface water. Few studies have been conducted on the management of water in the coal mining industry.
Currently, coal is the major source of energy in China and coal mining is still very active, especially in North China. Water management associated with coal mining activities needs to consider environmental protection and development of the coal mining industry. Thus far, very limited studies have been conducted on this subject and these are primarily focused on analysing conflicting approaches to managing and balancing mine drainage and water supply in China (Xin, 1986) . One case study in China considers the use of powerful pumps to bring mine water to the ground surface for sales to various consumers (Xia, 1995) . In the Rhineland mines of Germany, large volumes of mine water were pumped to the ground surface, then transported directly to thermal power plants through pipelines. In Hungary, the domestic water supply was mainly provided by water from coal mines (Wang, 1983) . However, the models used in these studies are too simple to optimize usage of water resources where multiple issues need to be considered. Therefore, combining groundwater management modelling with coalmining activities is still a research gap that needs to be filled.
In this study, we developed a comprehensive and practical management model applicable to solving coal mining-related water management problems. We tried to optimally manage an aquifer system with three factors: draining water from coal mines, providing an adequate supply of water, and protecting the environment. The modelling method developed was applied to a coal mining basin in North China.
The remainder of this paper is organized as follows: Section 2 describes the conceptual model of water management pertinent to coal mining operations. Section 3 presents the mathematical formulation of multi-factor management including objective functions and constraints. Section 4 discusses the application of the management model to the study area. Finally, Section 5 summarizes the key findings and conclusions from this study.
CONCEPTUAL MODEL FOR COAL MINE WATER MANAGEMENT
The components of a comprehensive water management system in a coal mining area should, at least, include three subsystems: mine drainage, water supply and environmental protection, as discussed above. Generally, there are three types of water-collecting structure in a coal mining area:
(a) artificial relief wells under the mines, which are used to decrease hydraulic pressure directly in the mining tunnels. These wells are short and low cost. However, the pumped water cannot be used as drinking water due to inadequate quality. (b) Groundwater pumping wells at the ground surface of a mining area. The pumping may also directly decrease hydraulic pressure in the mining area, but the pumped water is clean and potable. However, the pumping wells are deep and expensive. (c) Shallow groundwater pumping wells located in the groundwater recharge areas. These wells are inexpensive and yield clean water, but the pumping cannot directly decrease the hydraulic pressure in the mining area.
These three different types of well have their advantages and disadvantages, and are built for different purposes. The coal mines are not only drainage sites but also sources of water supply. Pumping wells are drilled in the bottom of the mine pits to eliminate the adverse impact on water consumers caused by termination of the drainage system due to accidental disruption, such as water-bursts, gas leaks and fire, that might occur during mining activities. All these wells will be considered in the management model.
For the coordination system, the components include pumping groundwater in the recharge area in order to lower groundwater heads inside the mines and supply water to various consumers in the coal mining regions. This approach significantly reduces the cost of draining water from the mines as compared with the cost of traditional dewatering schemes. The new operating system improves the traditional, single-purpose method. The well-developed karstic aquifer layers near the groundwater recharge areas are ideal intercept locations in the system.
The artificial relief wells and the groundwater pumping wells are drilled directly into the thin-bedded karstic aquifers interbedded with the mined layers of coal. The shallow groundwater pumping wells are drilled into the deep karstic aquifers. Therefore, the conceptual hydrogeological model for the system involves multi-layer aquifers connected hydraulically by different degrees of vertical connection. Setting up this model and the corresponding mathematical models is a prerequisite for solving the management problems in this study.
Controlling groundwater heads in aquifers to satisfy criteria for safe mining operations is a management requirement. In addition, there is a need for a stable water supply both in and around the mines but the groundwater drawdown must not exceed the maximum allowed level that is required for environmental protection. In the integrated management system, groundwater resources in the mines and nearby areas may be used as the water supply for domestic, industrial, and agricultural purposes. Water supply prices, drainage (pumping) costs, transportation costs (including purchasing the pipe and land), and water quality treatment costs vary for different kinds of consumers. Consequently, the management models should automatically allocate to each consumer a specific amount of water commensurate with the economic contribution to the whole system.
We propose to use drainage water pumped to supply water for the various consumers under environmental safety requirements. We use a single model to develop optimal management schemes for the various subsystems under proper constraints and to achieve the maximum economic benefit for multiple consumers. This model strengthens the operational security and reliability of the whole system and seeks the optimal strategy to manage mine drainage, water supply, and environmental protection based on forecasted amounts of drainage water from the mines, water supply demands, and environmental conditions.
OPTIMAL MODELS OF COAL MINE WATER MANAGEMENT
Numerous groundwater management studies have been conducted in China and elsewhere, such as management modelling based on distributed hydraulic parameters (Xu & Shao, 1988) , the management of groundwater resources in the Shi-Jia-Zhuang municipality (Li & Jiao, 1987) , optimal design of a groundwater quality monitoring network (Wu et al., 2005) , and development of an integrated global and local optimization approach for remediation system design (Zheng & Wang, 1999) However, optimal management of groundwater resources in mining, considering mine drainage, water supply and environmental protection, is still a new research area in China and elsewhere. Here, we develop a groundwater management model based on the requirements of coal mining management in North China. Depending on the complexity of the hydrogeological conditions in a coal mining region and the groundwater resource management requirement, the management framework can be classified as either dual-or triple-factor models.
Dual-factor model
In the dual-factor model, the effects of lowering groundwater heads through pumping operations and the requirements of protecting the environment are considered, but the demands for an adequate water supply are not considered. In this model, drainage water from coal mines is collected, treated, and provided to consumers. Drainage and environmental protection are considered as the major objectives, and water supply is a secondary consideration. The dual-factor model is primarily applied to systems where hydrogeological conditions in the mine are complicated and available groundwater resources are relatively limited.
Characteristics of the dual-factor model are summarized as follows:
-Objective function: minimizing total drainage flow rate. -Major constraints: lowering groundwater heads in the drainage zone to levels that enable safe mining operation and prevent adverse effects on the local environment.
Triple-factor model
The triple-factor model integrates mine drainage, water supply, and environmental protection. In addition to considering the effects of lowering groundwater heads on mine drainage and environmental protection, the demands for a stable water supply are also considered. The three subsystems of mine drainage, water supply, and environmental protection are equally important considerations for the triple-factor model. The triple-factor model is primarily intended for a mining system where complicated hydrogeological conditions exist and groundwater resources are abundant.
The characteristics of the triple-factor model are summarized as follows: -Objective function: maximizing the economic benefit. -Major constraints:
(a) lowering groundwater heads in the drainage zone to levels that enable safe mine operations but not levels beyond the maximum allowed; (b) ensuring availability of a specified water supply without exceeding the maximum drawdown level; and (c) exerting no adverse effects on the local environment.
A typical coal mining area in China was selected for the application of the triple-factor model. We developed an optimization code, SIMP, which is used in conjunction with a flow simulation model to identify the optimal management scenarios. The SIMP code has been used in numerous case studies since the 1990s (Wu, 1992) .
MODEL APPLICATION
The study site is located in the eastern part of the Jiaozuo coal mining district in Henan Province, China. The Jiaozuo coal mining district consists of three coal mines: the Hanwang, Yanmazhuang and Jiulishan mines. The hydrogeological conditions in this area are complex. The total average drainage flow rate for the three coal mines is approximately 2.7 m 3 /s. Several aquifers exist at differing depths within a thick sequence of unconsolidated deposits, which covers the base rocks. Water in the lower aquifers is still of good quality, but water in the upper aquifers has been contaminated. Therefore, there is a risk of contamination in the lower porous aquifers when the groundwater head decreases. Construction of a water supply source is planned for the Jiulishan thermal power plant located within the northern boundary of the study site. The plant is expected to supply 1.5 m 3 /s of water. Consequently, not only is a large amount of water drained from the mines in this area for safety purposes but there is also a large demand for water supply. Moreover, owing to many years of mining, there are serious environmental problems in the area. These three characteristics make the selected area an ideal location to apply the triplefactor management model.
Geological and hydrogeological conceptual model
The study area, the three mine shafts and the mining districts are shown in Fig. 1 . This area has a flat land surface and covers approximately 30 km 2 . The Shanmen River flows through the area from north to south. The average annual precipitation is 662 mm; precipitation occurs mainly from June to September.
Strata in the study area consist of, from bottom up, a thick limestone formation in the Middle-Ordovician system, a series of interbedded limestone and coalbearing layers in the Permo-Carboniferous system, and unconsolidated deposits in the Quaternary system. Four groups of fault structures are present (Fig. 2) . The first group is oriented in a northeast to southwest direction (F 3 and F 1 ); the second in a northwest to southeast direction (Fangzhuang fault); the third in an easterly to westerly direction (Fenghuangling fault); and the last group is oriented almost north-south. These faults are found to be normal faults having a steep angle of dip. Permeability along the strike direction of the faults is quite high (Wu & Wang, 2006) . The study area is nearly surrounded by faults. The southern boundary follows the Fenghuangling fault (Fig. 1) ; the southeastern boundary follows the Xichangzhuang fault; the western portion of the north boundary follows the Jiulishan fault; and the eastern boundary follows the Fangzhuang fault. Because the large fault penetrates the boundaries of normal faults, the thin-bedded limestone aquifers, L 8 and L 2, in the Carboniferous system (which is in a horst structure) are dislocated and connected with sandstone and shale layers outside the model domain in the Permian system. Consequently, aquifers L 8 and L 2 have impermeable boundaries. However, the peripheral boundaries of the deep O 2 aquifers are considered to be permeable, because it is impossible for normal faults to completely dislocate this thick aquifer.
The eastern portion within the northern boundary of the study area is a buried valley, as shown in Fig. 3 , where the outcrop of various basement rocks, such as those found in the L 8 , L 2 , O 2 , and Q 4 aquifers is buried under loose deposits. The aquifers are hydraulically connected in the vertical direction to form an integrated multi-aquifer system. Comprehensive analyses of the geological structure and groundwater seepage chemistry and temperature indicate that there are two types of vertical connection. One is the result of linear faults, and the other is the result of narrow-banding buried valleys (Wu, 1992) . Figure 4 shows the artificial relief wells under the mines, groundwater pumping wells in the mine pits, and shallow groundwater pumping wells in the groundwater recharge areas. The pumping wells in the mine pits pump water out of the coal layers, such as aquifers L 8 and L 2 , but not water from aquifers under the coal layers, such as in the O 2 aquifer, due to pumping costs and the depth of the O 2 aquifer. Conversely, the shallow groundwater pumping wells in the groundwater recharge areas are located on the land surface that recharges to the O 2 aquifer. These wells are used to pump water from the O 2 aquifer to intercept recharge water going to the upper coal layers and also to supply water for various uses in the mining area. In the C-P layers below the coal mines, there are some artificial relief wells to pump water to reduce the groundwater pressure in the coal mines. These system components need to be coordinated and integrated in an integrated water management framework.
Numerical modelling
Based on characteristics of the conceptual multi-aquifer hydrogeological model, a quasi three-dimensional mathematical model was applied to simulate the groundwater flow of the four-aquifer system. The simulation was based on the three-dimensional, finite element numerical code, ELE-3D (Wu et al., 2005 . Transient observation data of the study area were used to calibrate the flow model. For numerical modelling, each aquifer was divided into 371 elements with 213 numerical nodes. According to the hydrogeological conditions described in sub-section 4.1, the entire four-aquifer system therefore totals 852 nodes and 1484 elements. The triangle elements for the four aquifers are formed in such a way that elements and corresponding coding numbers were the same for the four aquifers. The finite-element gridding was done automatically with the ELE-3D code.
The spatial distribution of hydrogeological parameters and hydraulic boundary conditions for each aquifer were considered when the finite element griad was discretized (Long & Billaux, 1987) . According to data collected from pumping tests and artificial relief flow well tests under the mines, 13 regions of homogeneous hydrogeological parameters were identified in the study domain (Fig. 5) . The initial input parameter values for the homogeneous regions in the aquifers were estimated based on field test results. A proper adjustment was made within a reasonable range while the model was calibrated.
The final calibrated parameter values, the hydraulic conductivity in the x, y and z directions, k x , k y and k z , and storage coefficient, S, as listed in Table 1 , were determined during the model calibration process, which was based on transient observation data collected between 15 February and 15 May 1992. Table 1 shows that the hydraulic conductivity in all four aquifers is anisotropic, and the hydraulic conductivity value in the x-direction is generally two to three times larger than that in the y-direction, which is mainly controlled by the direction of the faults and fractures. The vertical hydraulic connection only occurs in limited zones, such as the third zone between Q 4 and L 8 , and the first and second zones between L 8 and L 2 , and L 2 and Q 2 , respectively.
Contour maps of the groundwater heads for the four aquifers at the third time step of the simulation are shown in Fig. 6 . They clearly illustrate the major characteristics of the groundwater flow field in the model domain. The fitting curves between measured and calculated groundwater heads at several boreholes are presented in Fig. 7 . It can be seen that the calculated results and measurement data are reasonably close, which satisfies the calibration requirement.
Economic-hydraulic management model
In the management model, the objective function is to maximize the economic benefits through diverting the drainage water to provide water supply to various customers in the mining district. Three hydraulic head observation wells were chosen at the bottom of the Q 4 sand aquifer to safeguard against over-pumping, i.e. for environmental protection purposes. The hydraulic heads at the three wells must stay above some prescribed levels to prevent the shallow groundwater from getting into the Q 4 aquifer, and subsequently flowing into other deeper aquifers. The detailed description is provided in Table 2 . At the same time, three hydraulic head control points in the Q 2 aquifer were also chosen to prevent large hydraulic head decreases in the aquifer, which may cause land surface subsidence and other environmental problems. Through these controls, the environmental consequences of various pumping regimes are reflected in the management model.
The management period selected for the model was one year from 1 June 1978 to 31 May 1979. During that period, precipitation was approximately the same as the average annual rate of precipitation for 1953 to 1979. The total management period of 1978-1979 was divided into three management time steps: June-September, October-January and February-May.
Determining the objective function
The objective function of the management model was intended to maximize the economic benefit, thereby producing a supply of water that would meet domestic, industrial, and agricultural needs. Domestic, industrial, and agricultural groundwater supply rates from each management time step became the decision variables in the model. These groundwater supply rates were obtained from artificial relief flow wells under the mines, groundwater pumping wells in the mines, and shallow groundwater pumping wells in the groundwater recharge areas. A total of 135 decision variables were set up in the model. Differences were extensive among costs for groundwater supply (p(i,j)), drainage (d(i,j)), transportation (t(i,j)) and water treatment (h(i,j)) for domestic, industrial, and agricultural consumption, where i and j are numerical coordinates, which represent the locations of the decision variables. Consequently, the coefficients of the decision variables differed and changed with time. An expression of the coefficients can be written as follows:
Aði; jÞ ¼ Cði; jÞ Ã ½pði; jÞ À dði; jÞ À tði; jÞ À hði; jÞ (1) transportation cost of domestic, industrial and agricultural water supplies per cubic metre in time step j (Yuan); and h(i,j) is the water quality treatment costs for domestic, industrial and agricultural water supplies per cubic metre in time step j (Yuan). The objective function of the management model for the system under consideration is expressed as:
Asði; jÞ Â Q s ði; jÞ
Agði; jÞ Â Q g ði; jÞ
Anði; jÞ Â Q n ði; jÞ
where Q s (i,j), Q g (i,j) and Q n (i,j) are the decision variables for domestic, industrial and agricultural water supplies (m 3 /d), respectively, and N 1 , N 2 and N 3 are the number of water-collecting structures for domestic, industrial and agricultural water supplies, respectively.
Defining the constraints
(a) Drawdown constraints for the bottom porous aquifer in Q 4 The objective was to prevent contaminated groundwater in the upper porous aquifer in Q 4 from leaking into the bottom porous aquifer of Q 4 and further down into the limestone aquifers within the buried valley. To accomplish this, the groundwater head in the bottom porous aquifer must be maintained at a certain elevation; i.e. the groundwater drawdowns were not allowed to exceed the maximum permitted level. Based on the distribution of the original groundwater head in the bottom porous aquifer, and the elevation of the water table in the upper porous aquifer, the maximum allowable drawdown of groundwater heads at three constraint nodes in three management time steps was established (shown in Table 2 ) for the bottom porous aquifer close to the buried valley. (b) Safety constraints for controlling groundwater pressure in aquifer L 8 The elevation of the mining levels in the three coal mines in the study area vary. The elevation was 88 to 150 m below surface in the second mining level of the Hanwang Mine, 200 m below surface in the second mining level of the Yanmazhuang Mine, and 225 m below surface in the first mining level of the Jiulishan Mine. Previous experiences in these mines indicated that the safe pressure head of the groundwater flow in the mined coal layer was approximately 100 to 130 m. Therefore, the groundwater drawdowns in the three management time steps for aquifer L 8 had to match the safe drawdown values shown in Table 3 . These requirements would prevent groundwater hazards in the mines and ensure safe operation based on the calculation of the initial groundwater seepage field in aquifer L 8 (Xia, 1995) . (c) Groundwater head constraints for shallow groundwater pumping wells in aquifer O 2 Shallow groundwater pumping wells were drilled in aquifer O 2 . To avoid geological hazards such as karstic collapse of the ground and deep karst groundwater contamination, groundwater head drawdowns in the wells were not allowed to exceed critical values. Three constraint nodes (nodes 72, 114, and 169) were designed for aquifer O 2 (see Fig. 1 ). Critical groundwater head drawdowns for the three nodes are shown in Table 4 according to the distributed characteristics of the groundwater seepage field in aquifer O 2 occurring during the management period (Xia, 1995) . (d) Industrial water supply constraint for the groundwater source in aquifer O 2 The rate of supply for industrial water needed by the planned thermal power plant in the northern portion of the sector was estimated to be 1.5 m 3 /s, according to the comprehensive management design. To meet this demand, the industrial water supply from three designed boreholes in aquifer O 2 had to be at least 1.5 m 3 /s in every management time step, i.e.: withdrawal. To maintain the water balance of the groundwater system throughout the model domain for many years and to avoid harmful results caused by continuously drawing down groundwater heads, the total groundwater withdrawal in each management time step will not be allowed to exceed the maximum amount of groundwater available for withdrawal:
Q n ði; tÞ BðtÞ ð4Þ where B(t) is the maximum amount of groundwater available for withdrawal from the 15 boreholes during each management time step. This amount is 345 600 m 3 /d according to the groundwater assessment for the study area (Xia, 1995) .
Determining the water supply and related costs
Water values in terms of prices as well as drainage, transportation, and treatment costs, differ in the Jiaozuo area. For these reasons and considering the trend toward rising costs for energy and materials in China, the following water supply prices and costs were predicted for future years (Li, 1993) .
(a) Water supply prices:
The price for a supply of domestic water in the mining district is 0. 
Management scenarios
Twelve possible management scenarios were considered (Table 5 ) based on information pertaining to well pumping schemes, actual economic feasibilities, economic development programmes, and adjustments to the industrial structure at present and in the near future. The scenarios were also based on the different forms of the three water-collecting structures: the groundwater pumping wells, shallow groundwater pumping wells, and artificial relief flow wells located under the mines. Safety was the most important requirement in all management scenarios. Each scenario was characterized by an appropriate objective function and decision variables under a set of prescribed constraints.
At most, there were 135 decision variables in one management scenario: 27 for drainage wells under mines in aquifer L 8 , 27 for groundwater pumping wells at the mine pits in aquifer L 8 , 27 in aquifer L 2 , 27 in aquifer O 2 , and 27 for the shallow groundwater pumping wells in aquifer O 2 in the recharge areas. Management scenarios included at least 33 constraint conditions: 27 for groundwater heads and six for groundwater flow rates.
Analysis of optimization results
After comparing calculation results among the 12 management scenarios, we concluded that scenario 3-(1)-i (Table 6 ) was the ideal choice to apply in the study area. For this scenario, the shallow groundwater pumping wells in aquifer O 2 could provide the planned thermal power plant with an adequate water supply, and at the same time dewater the aquifer as this water is a major source of recharge to the groundwater for the mines. If the drainage subsystem under the mines functions normally, this scenario will deliver an effective method for dewatering the artificial relief flow wells under the mines, and the triple-factor management scheme will operate normally.
The groundwater pumping wells and shallow groundwater pumping wells can be fully utilized in this scenario even if the drainage subsystem stops suddenly due to an accident. Pumping rates would be increased to compensate for temporary shortages of water and to keep economic losses to a minimum. Increasing the rates of groundwater withdrawal with the groundwater pumping wells and shallow groundwater pumping wells will increase the chance of a water eruption accident in the mine pits, which will influence the recovery of production in the mines.
This scenario sets up an effective management approach where the factors of mine drainage, water supply and environmental protection for three coal mines located in the coal basin of North China are addressed in one multi-factor management model. The scenario achieves a favourable balance between safety and effective dewatering using the artificial relief flow wells under the mines. It maximizes the beneficial aspects of the operation and offsets the disadvantages with the installation of groundwater pumping wells inside the coal mine pits. Therefore, this scenario is believed to be comprehensive and feasible.
Through this scenario, the Hanwan (node 7), Yanmazhuang (node 63), and Jiulishan (node 175) mines will receive an optimal supply of water for domestic, industrial and agricultural uses. Water from the groundwater pumping wells (nodes 11, 73, and 178) is distributed for only domestic uses. The water supply to the thermal power plant (1.5 m 3 /s) is provided by the shallow groundwater pumping wells (nodes 169, 114, and 72). The comprehensive effects resulting from the water-collecting structures satisfy all conditions in the multi-factor management model and achieve the economic benefit objective of 17.08 million Yuan per year.
CONCLUSIONS
In this study, a groundwater management model of a coal mining area is developed to optimize mine drainage, water supply and environmental protection. The new model is applied to search for the optimal management scheme at a typical site of the Jiaozuo coal mining district in North China. In the study area, multilayered, porous and karstic aquifers are connected hydraulically in the vertical direction, which is a typical hydrogeological characteristic of mines in the coal basin of North China. The optimal scenario identified from the case study is comprehensive and applicable.
It was found that scenario 3-(1)-i, as shown in Table 6 , was the ideal choice to apply in the study area based on our analysis of 12 different scenarios. It satisfies all the constraints on environmental quality, mine safety, and water supply demands on regionally available groundwater resources. It also achieves the maximum economic benefit of 17.08 million Yuan per year. The results of this study show that the economic-hydraulic management model can be a potentially powerful tool in solving the multi-factor problems of mine drainage, water supply, and environmental protection for coal mines located in the North China coal basin. The model that has been developed will help improve the groundwater management method used in China where drainage water, water supply, and environment projection are considered separately, rather than as an integrated system. This new management method can avoid numerous overlapping field investigations conducted by separate entities and use one model to simultaneously predict the influences and feedbacks among various groundwater seepage fields formed by the various engineering installations in the system (Wu, 1994) . Therefore, this new method may lead to improved water resource management practice in the coal mining areas in North China and elsewhere.
